ABSTRACT This study investigated the effects of inulin on mucosal morphology and immune function of specific pathogen-free (SPF) chickens. A total of 200 one-day-old White Leghorns SPF chickens were divided into 5 groups of 4 replicates of 10 chickens each. All SPF chickens were fed a basal diet supplemented with 0, 0.25, 0.5, 1.0, or 2.0% inulin. The mucosal morphology and immune indexes were analyzed on days 7, 14, and 21, respectively. Our results showed that the concentrations of acetate and propionate in the cecum and serum had increased with dietary inulin supplementation on day 21 (P < 0.05). Butyrate could not be detected in the cecal digesta, but was increased in the serum of 1 and 2% groups, as compared with the control group (P < 0.05). The villi height was increased (P < 0.05) and the crypt depth was decreased (P < 0.05) in the duodenum and ileum of SPF chickens fed inulin, as compared with the control group. Also, inulin at a low concentration (0.25 or 0.5%) significantly decreased (P < 0.05) the gene expression of nuclear factor-κB (NF-κB), lipopolysaccharideinduced tumor necrosis factor (LITAF) at 7, 14, and 21 d, and of interleukin-6 (IL-6), and inducible nitric oxide synthase (iNOS) at 7 and 14 d, and increased that of mucin 2 (MUC2) and claudin-1 in the ileum of SPF chickens at 7, 14, and 21 d. High inulin supplementation (2%) significantly increased the gene expression of NF-κB, LITAF, IL-6, iNOS, and Claudin-1 at 14 and 21 d compared to low inulin concentration (0.25 or 0.5%). The results indicated that the effects of inulin on mucosal immune function occurred in a dose-dependent manner. A low concentration (0.25 or 0.5%) of inulin may be beneficial in promoting intestinal immune function.
INTRODUCTION
The gut plays a key role in nutrient metabolism and immune function with the intestinal epithelium serving as the main site of nutrient absorption and the first line of defense against many factors, such as stress, toxins, and pathogen infection, which impair the intestinal epithelial barrier, resulting in immune dysfunction and nutrient malabsorption in poultry (Quinteiro-Filho et al., 2010; Awad et al., 2012; Oakley et al., 2014) . Therefore, intestinal mucosal integrity is critical for nutrient digestion and absorption, as well as overall health. As substitutes for antibiotics, prebiotics are often used in animal production to attenuate dysfunction C 2018 Poultry Science Association Inc.of the intestinal mucosal and gut induced by infection of enteric pathogens (Buc law, 2016; Wilson and Whelan, 2017) .
Chicory inulin, one of the best studied prebiotics, is generally used to maintain intestinal health (Seifert and Watzl, 2007; Meyer and Stasse-Wolthuis, 2009 ), modulate immune function (Meyer and StasseWolthuis, 2009; He et al., 2017; Kareem et al., 2017) , and improve the intestinal absorptive and barrier functions (Tako and Glahn, 2012; Awad et al., 2012; Pruszynska-Oszmalek et al., 2015) via metabolite fermentation by gut microbiota (Calik et al., 2017; Yang et al., 2016; Chen et al., 2017) . In general, inulin depresses the expression of proinflammatory cytokines, such as lipopolysaccharide-induced tumor necrosis factor (TNF) factor (LITAF), interferon-γ (IFN-γ), interleukin-6 (IL-6), and inducible nitric oxide synthase (iNOS), which modifies intestinal barrier function (Whelan, 2011; Vogt et al., 2015; Ferenczi et al., 2016) . However, there are inconsistences in reports of the immune modulation response of inulin on the expression of proinflammatory cytokines and subsequent function of the intestinal mucosal barrier. For example, inulin was found to increase the expression levels of LITAF, IL-6, and IFN-γ (Yasuda et al., 2009; Capitán-Cañadas et al., 2014) , but exhibited no effect on the expression levels of proinflammatory cytokines . Meanwhile, inulin exhibited anti-inflammatory effects through the fermentation of short-chain fatty acids (SCFAs) by gut microbes. Among the SCFAs, butyrate has been extensively investigated for its role in the suppression of intestinal inflammation. But, excessive butyrate production induced by apoptosis of intestinal epithelial cells disrupts the integrity of the gut barrier (Peng et al., 2007; Huang et al., 2014) . The differences in the findings of these reports can be partly explained by the amount of inulin supplementation. On the other hand, the immunomodulatory effects of inulin are dependent on the types of commensal microbiota present in the gut (Sivaprakasam et al., 2016) . The initial level of bifidobacteria and the differences between individual Bifidobacterium species may also affect the roles of inulin on immunoregulation (Alles et al., 1996) . In the present study, the immunomodulatory effects of inulin supplementation of specific pathogen-free (SPF) chickens on the elimination of the effects of individual microbial differences were assessed.
Therefore, the objectives of present study were to (1) determine the appropriate supplementation of inulin in the chicken diet at different stages of growth; (2) assess the effects of inulin supplementation on mucosal morphology and intestinal immune function. With these objectives, SCFA contents reflecting inulin metabolism and gene expression affecting mucosal integrity and immune function were determined.
MATERIALS AND METHODS
The study protocol was approved by the Animal Welfare Committee of the Institute of Animal Sciences (Chinese Academy of Agricultural Sciences, Beijing, China) and conducted in accordance with the Guidelines for Experimental Animals established by the Ministry of Science and Technology (Beijing, China).
Experimental Design
A total of 200 Arbor Acres SPF chickens at 1 d of age were acquired from a local hatchery (Meiliya, Beijing, China) and randomly assigned to 1 of 5 groups of 4 replicates of 10 chickens each. All birds were housed in a sterile isolation chamber (IPQ-Type 3 negative pressure isolator; China Agricultural University, Beijing, China) and fed a corn/soybean-based diet on the day of arrival. Starting on day 2, the birds in control group (C) were still fed the basal diet, while those in the other 4 groups were fed basal diets supplemented with 2.5, 5, 10, and 20 g/kg of inulin (equal to concentrations of 0.25, 0.5, 1, and 2%), respectively. Details of the basal diet ingredients and calculated nutrient contents are provided in Table 1 . The temperature in the isolator was maintained at 35
• C for the first week and then decreased by 2
• C each week until the end of the experiment. All chickens had free access to feed and water (sterilized at 121
• C for 15 min).
Sample Collection
At 7, 14, and 21 d of age on experimental diets, 1 chicken from each replicate was randomly selected and sacrificed. Blood was sampled from one chicken chosen at random in each replicate and then placed in a 37
• C incubator (GRP-9050; Shanghai Senxin Test Instrument Co., Ltd, Shanghai, China) for 5 h. The serum was aspirated and stored at -20
• C to measure the SCFA content.
To obtain mucosal samples, 3 to 4-cm segments of the ileum (near the cecum) were dissected aseptically and rinsed with sterile phosphate-buffered saline. After opening lengthwise, the mucosa was collected by scraping with a glass slide, snap-frozen in liquid nitrogen, and then stored at -80
• C until gene expression analysis.
The cecum was opened along both sides with sterile scissors and tweezers, and the cecal contents were squeezed out into frozen tubes and stored at -80
• C until analysis.
Gut Morphology
On each sampling day, segments (2 cm in length) of the mid-duodenum and ileum were cut and gently flushed twice with phosphate-buffered saline to remove the intestinal contents, which were then placed in 2-mL centrifuge tubes and mixed with 4% paraformaldehyde for histological examination after staining with hematoxylin and eosin (performed by Beijing Xuebang Technology Co., Ltd., Beijing, China). Histological sections were examined under a fluorescence microscope (DM6000B; Leica Microsystems, Wetzlar, Germany). Morphological measurements of villus height (VH) and crypt depth (CD) were conducted. The VH was measured from the tip of the villus to the valley between individual villi, and the CD was measured from the valley between individual villi to the basolateral membrane. Then, the ratio of the VH to CD (V/C) was calculated.
Quantitative Real-Time PCR (qPCR) Analysis
Total RNA from the ileal mucosa was extracted using the MiniBEST Universal RNA Extraction Kit (TaKaRa, Dalian, China) and reverse transcribed into cDNA using the High Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, Waltham, MA). The mRNA expression levels of Mucin-2, iNOS, IL-6, LIATF, nuclear factor (NF)-κB, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in the ileal mucosa were measured by quantitative real-time PCR (qPCR) with primers based on chicken sequences retrieved from the National Center for Biotechnology Information database (https://www. ncbi.nlm.nih.gov/gene; Table 2 ) using a 7500 Real Time PCR system (Applied Biosystems, Waltham, MA) and a commercially available reagent kit (Kapa Biosystems, Inc., Wilmington, MA). Amplification was performed with the following thermal cycling conditions: initial denaturation at 95
• C for 3 min, followed by 40 cycles of 95
• C for 3 s and 60
• C for 34 s. Relative gene expression data were analyzed using the 2 −Ct (sample-control) method (Livak and Schmittgen, 2001) 
SCFA Concentration
The concentrations of SCFAs (i.e., acetic acid, propionic acid, and butyric acid) were measured from the contents of 1 cecal sample and 1 serum sample from each SPF chicken. After thawing the cecal and serum samples at room temperature, approximately 0.1 g of the cecal contents and 50 μL of serum were transferred into 2-mL tubes and mixed with 200 μL of 24% metaphosphoric acid with a vortex mixer for 15 min and centrifuged at 5,000 × g for 5 min at 4
• C. The supernatant was gently drawn from the solution by suction into a bottle and analyzed for SCFA content using a DB-FFAP column (length, 30 cm; internal diameter, 0.25 mm; thickness, 0.25 μm; Agilent Technologies, Santa Clara, CA) and a massselective flame ionization detector with the following parameters: injector volume, 2 μL; split ratio, 50:1; injector temperature, 250
• C; flame ionization detector temperature, 280
• C, and carrier gas, helium. The initial oven temperature was 70
• C for 10 min and increased by 5
• C per min to 210 • C, which was maintained for 12 min. The peaks of acetic acid, propionic acid, and butyric acid in a standard solution (Sigma-Aldrich) were analyzed with the parameters described above. The peaks of individual SCFAs in every cecal and serum sample were acquired with the same parameters. The molar concentration of each SCFA was calculated using the ratio of the peak area of individual SCFAs and the peak area of the standard solution multiplied the concentration of the standard solution.
Statistical Analysis
The effects of treatment were analyzed by 1-way analysis of variance using SAS ver. 8 software (SAS Institute, Cary, NC). Where significant differences were found, multiple comparisons of means were performed using the Duncan method. A probability (P) value of <0.05 was considered statistically significant. Orthogonal polynomial contrasts were also used to evaluate the linear and quadratic effects of inulin levels.
RESULTS

SCFA Content in Cecum and Serum
The effects of inulin on the SCFA contents of SPF chickens are described in Table 3 . The cecal acetate content in the 0.5 and 1% groups and cecal propionate contents in the 0.5, 1, and 2% groups were increased at day 21, as compared to the control group (P < 0.05). Besides, linear and quadratic increases (P < 0.05) were observed in the cecal acetate and propionate contents on day 21. Dietary inulin supplementation did not affect acetate and propionate content in the cecum at 7 d. No butyrate was detected in the cecal digesta.
The serum acetate and propionate contents were increased linearly (P < 0.05) with the increase in dietary inulin supplementation. At day 7, the serum acetate, propionate, and butyrate contents were significantly elevated in the 1 and 2% groups, as compared with the control group (P < 0.05). At day 21, the SPF chickens supplemented with inulin exhibited higher serum acetate and propionate contents, as compared with those without inulin supplementation (P < 0.05). The serum butyrate contents were increased in the 1 and 2% groups, as compared with the control group (P < 0.05).
Villus Morphology in the Duodenum and Ileum
The diets supplemented with different levels of inulin exhibited a linear increase (P < 0.05) in VH and V/C ratio and a decrease (P < 0.05) in CD in the duodenum and ileum (Table 4 ) at days 7, 14, and 21. Quadratic increases were observed (P < 0.05) in the VH in the duodenum on days 7 and 21, and in the ileum on days 7 and 14 (P < 0.05), and in the CD on days 7, 14, and 21 in the duodenum, and days 7 and 14 in the ileum. There was also a quadratic increase (P < 0.05) in V/C in the duodenum (Table 4 ) on days 7, 14, and 21, and in the ileum (Table 4 ) on days 7 and 14.
Gene Expression Related to Mucosal Integrity and Immune Function of the Ileum
In order to determine the impact of inulin on mucosal immune function and integrity, gene expression levels of NF-κB, LITAF, IL-6, iNOS, MUC2, and claudin-1 in the ileum were examined. As shown in Figure 1 , as compared with the control, inulin at the lowest dietary level (0.25%) had significantly decreased (P < 0.05) the expression levels of NF-κB, LITAF, IL-6 (except day 21), iNOS (except day 21), and increased those of MUC2 and claudin-1 in the ileum at all sampling stages (days 7, 14, and 21). But high inulin concentration (2%) increased (P < 0.05) the relative gene expression levels of NF-κB (14 d), LITAF (14 and 21 d), IL-6 (7 and 21 d), and iNOS (14 and 21 d) compared with control group. Compared with low inulin concentration (0.25 and 0.5%), high inulin concentration (2%) increased (P < 0.05) the relative gene expression levels of NF-κB, LITAF, IL-6, iNOS, and claudin-1 at days 14 and 21. At 7 d, the MUC2 gene expression of 1% inulin administration was higher than other (P < 0.05) inulin administration group (0.25, 0.5, and 2%), but at 14 and 21 d, the MUC2 gene expression of 0.5% inulin administration was higher than 0.25% inulin (P > 0.05) , 1% inulin (P < 0.05), and 2% inulin (P < 0.05) administration group.
DISCUSSION
Emerging evidence suggested that inulin supplementation has been reported to modulate gut immunity and improve intestinal barrier function (Guarner, 2007; Liu et al., 2016; Wilson and Whelan, 2017) . Moreover, dietary inulin may be fermented by gut microbiota to produce health-promoting SCFA and exhibits its immunomodulatory effect (Calik et al., 2017; Chen et al., 2017; He et al., 2017) . Therefore, SCFAs are important end products of cecum fermentation of inulin. In this study, inulin supplementation increased the acetate and propionate contents in the cecal digesta and serum, which is consistent with the findings of other studies (Meyer and Stasse-Wolthuis, 2009; Weitkunat et al., 2015; Zhong et al., 2015) . However, some studies reported that inulin did not affect the total concentration of SCFAs in the cecal digesta (Rehman et al., 2008; Kareem et al., 2017) . It was well documented that butyrate played an important role in the maintenance of intestinal health and immune function, but butyrate was only detected in the serum in this study, partly because butyrate was preferentially absorbed in the gut or used by the microbiota (Guilloteau et al., 2010) . LITAF, IL6, and iNOS are multifunctional inflammatory cytokines that played essential roles in intestinal inflammation (Al-Sadi et al., 2014) . LITAF and iNOS are expressed in all chicken leukocyte and lymphocyte subpopulations, while IL-6 is specifically secreted by chicken macrophages (Rychlik et al., 2014) . The proinflammatory cytokines produced during the inflammatory process induced by infectious factors, including LITAF, , and iNOS, can disrupt the intestinal tight junction barrier (Al-Sadi et al., 2016) . Many studies have shown that inulin induces an anti-inflammatory response and strengthens intestinal barrier function through its effects on proinflammatory cytokine secretion. Inulin alleviates mucosal damage LITAF, iNOS, MUC2, Values are expressed as mean ± SE (n = 4). Different superscripts above bar differ significantly between each other (P < 0.05).
by decreasing gene expression of LITAF, , and iNOS in mucosal tissue (Whelan, 2011; Vogt et al., 2015; Kareem et al., 2017) . However, reports on the regulatory effects of inulin on proinflammatory cytokine secretion have been inconsistent (Capitán-Cañadas et al., 2014; Shang et al., 2015) . In this study, 0.25% inulin supplementation significantly decreased the gene expression of LITAF, IL-6, and iNOS, as compared with the control group, but the immunomodulatory effect of inulin on the secretion of inflammatory cytokines occurred in a dose-dependent manner. The gene expression levels of these inflammatory cytokines had been increased by high inulin concentration (2%) compared with low inulin concentration (0.25 and 0.5%) at 14 and 21 d, which was partly associated with the SCFA contents in the intestine. Among SCFAs, propionate and butyrate reportedly played important roles in the maintenance of gut health and exerted anti-inflammatory effects (Canani et al., 2011) . But, only low concentrations of butyrate may be beneficial in promoting intestinal barrier function, as excessive butyrate disrupted the intestinal barrier (Peng et al., 2007; Huang et al., 2014) and induced inflammatory cytokine expression (Yan and Ajuwon, 2017) . However, Sunkara et al (2011) demonstrated that butyrate triggered no or minimum flammatory cytokine expression.
MUC2 and Claudin-1 are important intestinal epithelial barrier components that prevent harmful substances from reaching the surface of the epithelium. Mucus produced by goblet cells covers the epithelial cells and serves as a protective barrier function. Claudin-1 is an important tight junction protein, and high expression of Claudin-1 led to increased epithelial tightness and decreased solute permeability (Awad et al., 2017) . The permeability of the intestinal tight junction barrier is affected by different factors, such as heat stress and bacterial pathogens (Guttman and Finlay, 2009; Song et al., 2013; Dokladny et al., 2016) , and functional oligosaccharides can ameliorate the adverse effects on barrier integrity in chickens (Pourabedin and Zhao, 2015) . The function of inulin modification of epithelial tight junction integrity and gut immune barrier is attributed to the expression of tight junction proteins (Wu et al., 2017b) . It is reported that inulin has an important effect on mucus production and secretion. But, the effects of inulin on the expression of tight junction proteins are dependent on the dose of inulin supplementation. Low concentrations of SCFAs significantly increased MUC2 expression, while higher concentrations had an opposite effect in mice, which is consistent with present studies (Barcelo et al., 2000; Paassen et al., 2009) . In this study, high inulin administration (2%) depressed MUC2 expression and increased the claudins-1 expression compared with low inulin administration at 21 d. The immunomodulatory effect of inulin on the gene expression levels of MUC2 and claudin-1 may be associated with the secretion of the proinflammatory cytokines LITAF and IL-6, which affects the expression of tight junction proteins (Poritz et al., 2011; GarciaHernandez et al., 2017) .
Evidence suggested that the NF-κB signaling plays an important role in the secretion of proinflammatory cytokines and intestinal barrier function. The expression of proinflammatory cytokines, such as LITAF and IL-6, is under the control of the NF-κB signaling pathway, which plays a central role in the regulation of intestinal epithelial tight junction permeability (Ma et al., 2004; Huang et al., 2013; Lee et al., 2013; Al-Sadi et al., 2016) . Therefore, the inhibition of NF-κB has been suggested as a main target for the treatment of intestinal inflammatory reactions and maintenance of intestinal barrier function (Suenaert et al., 2002) . Longchain inulin decreased the expression of p-NF-κB p65 (He et al., 2017; Wu et al., 2017a) . The results of the present study also showed that low inulin administration (0.5 to 1.0%) reduced NF-κB expression compared to control. The evidence showed that butyrate, the main end product of inulin fermented by microbia, blocks the NF-κB signaling, and consequently suppressed the expression of inflammatory cytokines (Orel and Trop, 2014; Leea et al., 2017) . Therefore, NF-κB signaling played an integral role in inulin modulation of intestinal barrier function (Wu et al., 2017b) .
In conclusion, our results indicated that dietary inulin administration affected the SCFA contents of cecum and serum and gut mucosal morphology. Additionally, the immunomodulatory effect of inulin on the expression of inflammatory cytokines and intestinal tight junction protein exhibited the dose-dependent manner. A low concentration inulin (0.25 or 0.5%) depressed the gene expression of NF-κB, LITAF, IL-6, iNOS, and increased the expression of MUC2 and claudin-1 compared to control. According to these results, the appropriate content of inulin administration in the diet is 0.25 or 0.5% at different growth stages of chickens.
